Abstract Early investigations focused mainly on manipulating the confinement effect to develop a reinforced concrete column with lateral hoops. Based on this legacy model, Li' s model incorporated the additional confinement effect of a steel jacket. However, recent experiments on plain concrete cylinders with steel jackets revealed relatively large discrepancies in the estimates of strength enhancement and the postpeak behavior. Here, we describe a modified constitutive law for confined concrete with an unbonded external steel jacket in terms of three regions for the loading stage. We used a two-phase heterogeneous concrete model to simulate the uniaxial compression test of a 150 mm × 300 mm concrete cylinder with three thicknesses of steel jackets: 1.0 mm, 1.5 mm, and 2.0 mm. The proposed constitutive model was verified by a series of finite element analyses using a finite element program. The damaged plasticity model and extended Drucker-Prager model were applied and compared in terms of the level of pressure sensitivity for confinement in 3D. The proposed model yielded results that were in close agreement with the experimental results
INTRODUCTION
A total of 93 recorded earthquakes (magnitude 2.0~5.0) were reported in the Korean peninsula during 2013. The most recent earthquake (magnitude 5.1) hit the western part of Korea in April 2014. Although some evidence has pointed to increased seismic activity, many civil structures were constructed before the design code incorporated seismic load. This is a latent security issue for the Korean population. According to studies performed in the aftermath of earthquakes in Loma Prieta (1989) and Northridge (1994) in the United States and Kobe (1995) in Japan, bridge failures were generally caused by inadequate lateral reinforcements and insufficient lap splices of reinforcing bars. Considerable research has focused on seismic retrofit techniques for substandard RC columns. The application of fiber-reinforced polymer (FRP) as a jacket for columns vulnerable to seismic loads provides several benefits: high installation speed, low maintenance costs, and a high strength-to-weight ratio. However, the FRP jacketing system involves potential delamination issues because epoxy is used to paste the FRP sheets on RC columns. To overcome this disadvantage, Susantha et al. (1990) introduced a pre-compression method for concrete in a circular steel tube and improved its performance. Xiao and Wu (2000) used partially stiffened steel jackets to retrofit RC columns, to enhance strength and improve the ductility of concrete. Mortazavi et al. (2005) used pre-tension FRPs to strengthen RC columns. Choi and Rhee (2008) used epoxyglued vertical steel-reinforced FRP strips to improve the lateral resistance of plain gravity bridge columns; these steel-reinforced FRP strips can be mounted automatically by a winding machine. Choi et al. (2009) introduced a new steel jacketing method to retrofit RC columns without grouting and assessed its performance using compressive tests for concrete cylinders.
The present study involved using external mechanical pressure on steel plates around RC columns to attach the steel plates onto the concrete surface. This experimental investigation involved two stages. During the first stage, 45 concrete cylinders ( φ 150 mm × 300 mm) were fabricated with varying design concrete strengths (21, 27, and 35 MPa) . Two split steel jackets and two vertical strip bands were used to confine each cylinder, as shown in Figure  1 (a). The steel jackets had thicknesses of 1.0 and 1.5 mm, and dimensions of 230 mm × 290 mm (B × H). Failure occurred at the welding line between the strips and jackets, but this jacketing method did not induce full plastic deformation of the steel jackets, so the failure strains were relatively small. During the second stage, 12 concrete cylinders were constructed in an attempt to improve the performance of the proposed jacketing method. In this test, a whole jacket of stainless steel and lateral strip bands [shown in Figure 1(b) ] was used to confine cylinders, instead of using two split jackets. These jackets had thicknesses of 1.0, 1.5, and 2.0 mm, and dimensions of 290 mm × 481 mm (H × W). The plain cylinders had an average peak strength of 27 MPa. This method involving whole jackets with lateral strip bands induced full plastic deformation of the steel jackets.
(a) (b) (c) Figure 1 . Confined concrete cylinder: (a) two split steel jackets and strip bands, (b) whole jacket with lateral strip bands; (c) external pressure introduced by welded clamps and jackets (Choi, 2009 ). Li et al. (2005) proposed a constitutive model of concrete confined by steel jackets and lateral reinforcement: in the model, the stress-strain relationship has two regions: 'Region I' and 'Region II' , as shown in Figure 2 
COMPUTER MODELING FOR A HETEROGENEOUS CONCRETE CYLINDER
Concrete material is heterogeneous in nature. It has inclusions as hard aggregates onto a weak matrix (the cement paste). The failure pattern of these kinds of heterogeneous materials can be initiated at the interface zone between the aggregates and matrix and propagated toward other weak zones. To incorporate heterogeneity in the computer model, different sizes of spheres were used and positioned randomly, as shown in Figure 3 Using the ABAQUS (SIMULIA, 2010) program, two different types of steel jackets were simulated for comparison with the results of Choi et al. (2009) : a two-split strip type and a whole jacket type. The twosplit strip type had basically welded lines, so that the welded region was the 'weak' interface or HAZ (heat-affected zone), as illustrated in Figure 4 (a) and Figure 5 (a). The heat during the welding process and subsequent re-cooling causes changes in mechanical properties, normally resulting in a lower (60%) yield strength compared to the base material (two-split steel jacket). The steel jackets used were mild steel with a yielding strength of 217 MPa and a fracture strain of 207.6× 10-3, as shown in Figures 5(a) and 5(b). Steel jackets were not as tall as the concrete cylinders, which guaranteed that no compressive force was transferred to the steel jackets. The heterogeneous concrete model had hard aggregates with elastic properties of 10, 000
onto a weak cement paste of 7, 000
. Tetrahedral elements were used for meshing aggregates and the cement paste portion of 150 mm (D) × 300 mm (H) and the rigid loading platens. Shell elements were used for meshing the steel jackets. Surface contact conditions were applied on the rigid top and bottom platens against the concrete cylinder. Tangential behavior (friction, 0.2 µ = ) and normal behavior (hard contact, separation not allowed after contact) were activated on the contact surfaces. Similarly, the general contact surface was defined between the steel jackets and concrete cylinder laterally using 0.1 µ = . Separation was allowed after contact for each tangential and normal behavior. 
UNCONFINED AND CONDINED MODEL
(1) Unconfined Model Two unconfined concrete models were tested for possible manipulation of test results for plain concrete cylinders, to calibrate the constitutive relationship by Choi et al. (2009) . First, the concrete damaged plasticity model (Lee and Fenves, 1998 ) is a continuum, plasticity-based, damage model for concrete. It assumes that the main two failure mechanisms are tensile cracking and compressive crushing of the concrete material. The evolution of the yield surface is controlled by two hardening variables in tension and compression, , t c d d separately, which are equivalent plastic strains, as depicted in Figure 6 (a). Hence, the constitutive relations are governed by two independent scalar damage variables under the elasticity theory expressed by Eq (1). Lubliner (1989) and modified by Lee and Fenves (1998 Second, since being first introduced by Drucker et al. (1952) , the extended Drucker-Prager model (ABAQUS) is used to model frictional materials, which are typically granular-like soils, rock, and concrete. These materials exhibit a pressure-dependent yield. Because the external steel jackets reproduced the lateral confinement in a hydrostatic direction in conjunction with the thickness-diameter (t/D) ratio, the extended Drucker-Prager model might be more appropriate than the previous damage model:
where p is the hydrostatic pressure stress, and q is the von-Mises equivalent stress, (3 / 2) : q = S S . are the stress tensor and deviatoric stress tensor respectively. , a b are material parameters that are independent of the plastic deformation and t p is the hardening parameter, which represents the hydrostatic tension strength of the material, as shown in Figure  6( Table 2 summarizes the material properties used for FE analysis for both the heterogeneous and homogeneous models for the extended Drucker-Prager model using an exponential failure surface. (2) Confined Model Kent and Park (1971) proposed a constitutive model for confined concrete using a modified second-degree Hognestad parabola for the ascending branch and a linear stress-strain curve for the descending branch. Park et al. (1982) modified Kent and Park's stress-strain model by adding the effects of unconfined concrete strength, volume ratio, and yield strength of lateral steel reinforcement. Scott et al. (1982) modified Kent and Park' s model to incorporate the increase in compressive strength of confined concrete at high strain rates, as is typical of seismic loading. Mander et al. (1988a Mander et al. ( , 1988b proposed a parabolic function to represent the stress-strain behavior of concrete confined by lateral (hoop) reinforcement. These early investigations revealed the confinement effect, by a linear relationship with a level of confinement for confined stress and strain calculations:
where
f are the confined and unconfined peak concrete strengths, respectively, and I f is the level of confinement. Similarly, cc ε , co ε are the corresponding strains at the peaks for both confined and unconfined strength. Because these early investigations focused on confinement issues by lateral reinforcements, the confining stress, I f was defined as 0. jacketed cylinder depended on the welding condition between the split jackets. This jacketing method did not induce full plastic deformation of the steel jackets, and the failure strain was relatively small. Therefore, in this jacketing method, failure strain depends on the welding condition.
(a) Whole Jacket Type Instead of two split jackets, a whole jacket of stainless steel and lateral strip bands was used to confine the cylinder, as shown in Figure 9 . In this case, the dimension of the jacket was 290 mm × 481 mm (H × W). The width of the jacket was larger than the perimeter of the cylinder by 10 mm to lap one side over the other. The average peak strength of the plain cylinders was 27 MPa. The average peak strengths with the 1.0, 1.5, and 2.0 mm jackets were 40, 45, and 50 MPa respectively. Figures 9(a) and 9(b) present the confined constitutive models for different t/D ratios and their corresponding simulation results. The simulation results were fairly close to the experimental results. The two-region model (Li' s model) matched experimental results closely in Region I. However, modestly large discrepancies were observed in Region II, because Li's model was based on the models of Mander and Park et al., with lateral reinforcement confinement. Later, Li et al. (2005) incorporated the presence of an external steel jacket, so the resulting combination effect probably involved more strain hardening behavior than the more traditional model (Mander et al., 1988a) . A cylinder confined by a 1.5 mm jacket had a strain of 0.06, which is 12 times greater than the failure strain of the plain concrete. It was not fractured at the yielding line in either simulations or experiments, as illustrated in Figure 9 (c). Therefore, a whole jacket with lateral strip bands can produce full plastic deformation of steel jackets. 
MODIFIED CONSTITUTIVE MODEL FOR STEEL JACKETING CONCRETE
The stress-strain relationship of the model has two regions (Region I and Region II), as shown in Figure 2 The comparison revealed that the experimental results are almost perfectly consistent with Li' s model in Region I. Just after Region I, strain hardening can be observed from the experimental curves, i.e., corresponding to the constitutive models. However, after that, strain softening develops in all jacketed cylinders, which is not observed in the modeled results. Hardening is maintained at the yield point of the steel jackets, and softening is observed after that. Li' s model also used reinforcement in the lateral direction, so softening may not be observed. The softening can be attributed to the opening of the welding line: if the stress of the steel jackets is greater than the welding strength, the welding line starts to open; this means that hardening cannot be continued and stiffness degradation appears. Initiation of the opening of the welding line does not indicate a fracture in the jackets, and the whole jacket system yields satisfactory ductile behavior.
Because Li' s model cannot incorporate stiffness softening after opening of the welding line, we propose modifying Li' s two-region model to a three-region model consisting of (1) a concrete cracking region, (2) a transition region, and (3) a steel jacket yielding (softening) region, as shown in Figure 10 . to the softening branch. For Region III, we propose an exponential softening function as in Eq. (10). This function of base A was formulated from Choi' s results in terms of the steel jacket thickness and calibrated to the descending slope, i.e., the level of confinement. The nonlinear curve fitting process was used to determine A. Figure  11 illustrates the close match between the experimental results and the proposed three-region constitutive model and computer simulation results. 
CONCLUSIONS
An early constitutive model for confined concrete with lateral confinement mainly considered lateral confinements using hoop reinforcements. Later, this model was modified with the presence of an external steel jacket, and has since been widely used by many researchers. However, this model can overestimate post-peak behaviors for confined concrete with no lateral reinforcement. Therefore, we proposed a modified constitutive model for confined concrete with a steel jacket, based on previous experimental observation. We performed numerical simulations with two different material laws: a damaged plasticity model, and an extended Drucker-Prager model. Additionally, we used a two-phase composite model (aggregates, cement matrix) to obtain an accurate steel jacket pattern. The simulated results were in close agreement with experimental results when the extended Drucker-Prager model was used; this model can incorporate pressure sensitivity in terms of a level of lateral confinement, which in the present study was the thickness of the steel jacket and the welding method. In contrast, the damaged plasticity model revealed early softening without respect to the elevation of lateral confinement. Because Li' s model has a different perspective regarding post-peak behavior because of hoop reinforcement, we proposed a three-region model in terms of the thickness-diameter ratio t/D and compared it with Li' s two-region model. This model produced results identical to Li' s for Region I. However, the transition zone (Region II) can exhibit stiffness reduction due to confined concrete fracture. The results for Region III reflect the yielding behavior of welded steel jacket due to excessive lateral deformation. This lateral deformation could be caused by the heterogenity of concrete composite as well as a dilatant tendency after crushing of the concrete inside the steel jacket. This process leads to post-peak softening behavior depending on the level of confinement, t/D. This newly proposed three-region model yields results that are in close agreement with previous experimental results.
